Evidence suggests that women are more susceptible to stress-related disorders than men. Animal studies demonstrate a similar female sensitivity to stress and have been used to examine the underlying neurobiology of sex-specific effects of stress. Although our understanding of the sexspecific effects of chronic adolescent stress has grown in recent years, few studies have reported the effects of adolescent stress on depressive-like behavior. The purpose of this study was to determine if a chronic mixed modality stressor (consisting of isolation, restraint, and social defeat) during adolescence (PND37-49) resulted in differential and sustained changes in depressive-like behavior in male and female Wistar rats. Female rats exposed to chronic adolescent stress displayed decreased sucrose consumption, hyperactivity in the elevated plus maze, decreased activity in the forced swim test, and a blunted corticosterone response to an acute forced swim stress compared to controls during both adolescence (PND48-57) and adulthood (PND96-104). Male rats exposed to chronic adolescent stress did not manifest significant behavioral changes at either the end of adolescence or in adulthood. These data support the proposition that adolescence may be a stress sensitive period for females and exposure to stress during adolescence results in behavioral effects that persist in females. Studies investigating the sex-specific effects of chronic adolescent stress may lead to a better understanding of the sexually dimorphic incidence of depressive and anxiety disorders in humans and ultimately improve prevention and treatment strategies.
Introduction
Evidence suggests that women are more susceptible to stress-related disorders than men, and interactions between the hypothalamic-pituitary-gonadal (HPG) axis and the hypothalamicpituitary-adrenal (HPA) axis have been hypothesized to underlie women's vulnerability to clinical depression (Young, 1998) . Some animal studies demonstrate a similar female sensitivity to stress and have been used to examine the underlying neurobiology of sex specific effects of stress.
In addition to sex-specific effects of stress exposure, the effects of stress can also be dependent on developmental stage. Laboratory animals exposed to stressful conditions during early postnatal development can manifest short and long-term abnormal behavior associated with alterations of the HPA axis. Although not as well characterized as early postnatal stress, the available literature on the long term behavioral effects of adolescent stress demonstrates that exposure to chronic stress during adolescence can be more detrimental than similar exposure in adulthood (Avital and Richter-Levin, 2005; Andersen and Teicher, 2008) . In addition, stress during adolescence can reprogram the HPA axis to cause long-term effects on stress reactivity. HPA axis development continues during adolescence (Dhom, 1973; Ducharme et al., 1976; Pignatelli et al., 2006) and during this developmental stage, adolescent rats demonstrate slower corticosterone recovery than adult rats, and inefficient habituation to stressors (Doremus-Fitzwater et al., 2009 ). Compared to adult subjects, a reduced stress response in terms of corticosterone release has also been reported in mice during adolescence. These developmental differences in HPA axis physiology may predispose adolescent rats to the adverse effects of chronic stress. Furthermore, temporal differences in HPA axis development between males and females (Pignatelli et al., 2006; Sapolsky & Meaney, 1986 ) may account for prolonged sexdependent effects induced by adolescent stress on physiology and behavior.
Although our understanding of the sex-specific effects of chronic adolescent stress has grown in recent years, these studies have largely focused on anxiety-like behavior, reward behaviors, and HPA axis physiology; few studies have reported the effects of adolescent stress on depressive-like behavior. The purpose of this study was to determine if chronic stress during adolescence resulted in sustained changes in depressive-like behavior in male and female rats. In addition, we assessed anxiety-like behaviors and HPA axis function to determine if a chronic mixed-modality stress paradigm produced effects similar to other adolescent stress models in the literature.
Materials and methods

Animals
Timed pregnant Wistar rats (Charles River, Wilmington, MA) arrived on gestational day 12 (n = 24). Pregnancy was determined at the Charles River facility by the presence of a vaginal plug. Rats were housed on a 14:10 reverse light:dark cycle in a facility controlled for humidity (60%) and temperature (20°C-23°C). Rodent diet 5001 chow (Purina Mills, Richmond, IN) and water were available ad libitum throughout the study. Three days after birth, rat pups were sexed and litters were culled to four male and four female pups. No more than two pups per litter were assigned to a group in order to prevent litter effects (Holson and Pearce, 1992) . Each group was assigned between 8 and 12 pups. Pups were weighed and weaned on postnatal day (PND) 21 and housed two per cage in same sex groups. Estrous cycle was tracked throughout the study using vaginal lavage. All animal procedures were approved by Emory University's IACUC and were carried out to minimize pain and suffering to the animal in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Identification of the Control Group
Typically in stress studies the control group is individually housed to provide a closely matched control group for the stress group. Because individual housing during adolescence can be detrimental, the first study determined whether standard pair housing or single housing during adolescence would serve as a more appropriate control when endpoints were assessed either at the end of adolescence or in adulthood. For this assessment, we measured behavioral and physiological endpoints for the following groups both at the end of adolescence and in adulthood (separate cohorts for each age group): 1) male pair housed, 2) male single housed (isolation initiated on PND 36), 3) female pair housed, and 4) female single housed (isolation initiated on PND 36). Data from this initial study, demonstrated that single housing during adolescence affected multiple behavioral endpoints. These data confirmed that individual housing was a stressor for adolescent rats. Therefore, pair housing was chosen for the adolescent control group and individual housing was considered part of the mixed modality stress paradigm.
Chronic Mixed-Modality Stress
Adolescent stress (Stress) was defined as individual housing beginning at PND 36 and continuing throughout the study combined with randomly alternating daily exposure to social defeat or restraint from PND 37-49. The cohort of rats tested as adolescents and the cohort tested as adults each consisted of the following groups: 1) pair housed males (Control male), 2) isolated males exposed to restraint and defeat during adolescence (Stress male), 3) pair housed females (Control female), and 4) isolated females exposed to restraint and defeat during adolescence (Stress female). The social defeat stress was adapted from previous studies. Resident Long-Evans rats (Charles River, Wilmington, MA) were trained to defeat an intruding rat (experimental subject) in their home cage and selected based on likelihood to pin an intruder. Rats in the stress group were paired with same sex residents, placed in the resident's home cage with the two rats separated by a wire mesh screen. Male residents were adult Long Evans retired breeders and female residents were adult Long Evans ovariectomized females. Both male and female Long Evans rats demonstrate the territorial aggression necessary for the social defeat stressor and ovariectomy accentuates this behavior in females (DeBold and Miczek, 1984) . On the first day of social defeat, after five minutes, the barrier was removed for five minutes or until the intruder was pinned five times. On the second day, the barrier was replaced after three pins or five minutes. All subsequent bouts of defeat interactions consisted of only one pin or a maximum of five minutes of interaction. At the conclusion of the physical interaction, the wire mesh screen was replaced. Intruders and residents remained separated by the wire mesh screen for an additional 30 minutes and subsequently the intruder was returned to its home cage. Intruder and resident pairings were randomly assigned each day to prevent stabilization of a dominance hierarchy. For the restraint portion of the mixed-modality stressor, animals were restrained for 60 min in acrylic rat restraints (BrainTree Scientific, Braintree, MA) which prevented head to tail turns but did not compress the rat. All stressors occurred during the light cycle to coincide with the nadir of the circadian cycle of corticosterone to maximally increase corticosterone. Adolescents received six total exposures to social defeat and six total exposures to restraint over a 12 day period in a randomly alternating pattern. The study was not designed to assess the specific effects of individual housing, restraint, or social defeat but was designed to use this combination of established stressors to induce chronic stress during adolescence. Adolescent control groups were pair housed throughout the study, and adult control groups were individually housed prior to behavioral testing in adulthood. Therefore, comparison of results between adolescent and adult subjects should take into account a possible influence of differential housing condition of the control groups.
Behavioral Testing
Behavioral testing for the adolescent cohort was conducted between PND 48 to PND 55 and testing for the adult cohort was conducted between PND 96 and PND 103. Behavioral testing for each cohort consisted sequentially of the sucrose consumption test, the elevated plus maze, the acoustic startle test, and the forced swim test. Animals were randomized during each test day to minimize any effect due to testing time. One behavioral test was conducted per day with the exception of the sucrose consumption test which was administered over two days. The elevated plus maze was conducted during the beginning of the dark cycle while all other tests were conducted in the light cycle. All animals during the adult portion of the study were single housed one week prior to behavioral testing.
Sucrose Consumption Test
The sucrose consumption test measures the rat's consumption of a sucrose solution (0.8%) versus water as a measure of hedonic state. Rats subjected to chronic social defeat consume less sucrose than control rats and this behavior has been described as a depressive-like state. Rats were given free access to one bottle of tap water and one bottle of a 0.8% sucrose solution in tap water. In order to prevent any effect due to side bias, bottle location was reversed after 24 hours. After 24 and 48 hours, the bottles were weighed to determine sucrose and water consumption. Data reported are the average consumption of day 1 and day 2 of the sucrose consumption test and normalized to the number of animals per cage.
Elevated Plus Maze
As an index of anxiety-like behavior, animals were tested in the elevated plus maze. Rats were placed in the center of a plastic plus maze and recorded for five minutes. Testing took place two hours after lights out and was conducted under dim red light. Tapes 
Acoustic Startle Reflex
The acoustic startle reflex test was performed as previously described. Briefly, during the light cycle, rats were placed in a ventilated startle chamber (San Diego Instruments, San Diego, CA) using an accelerometer to measure the startle reflex. After a white-noise (65 db) acclimatization period in the chamber lasting five minutes, individual rats were exposed to 16 trials consisting of a short pulse of noise (115 db). Between each trial, there was a period of white noise which lasted 2, 5, 25, or 60 seconds. The initial pulse trial was disregarded due to a lack of a habituation response.
Forced Swim Test
In order to assess motor activity in an inescapable environment, the forced swim test was employed. The forced swim test, while traditionally a screen for antidepressant drug efficacy, has been used to assess the tendency to respond actively or inactively to a challenge. Rats were placed in a clear acrylic beaker (40 cm high × 18 cm in diameter) filled with 30°C water for ten minutes during the light cycle. Following this training session, rats were tested the following day for five minutes. Two observers blind to treatment group scored the latency to the first float, time spent struggling, and the number of dives which previous studies have described as escape or active coping behavior. Latency to first float was defined as the rat's limbs remaining motionless for at least two seconds. Struggling was defined as the rat breaking the surface of the water with all four limbs in motion. Diving was defined as the rat swimming below the surface of the water.
Endocrine and Tissue Weight Analyses
Rats were decapitated on PND 57 for adolescent endpoints or PND 104 for adult endpoints two hours prior to the dark cycle. Following a 30 minute restraint session used to stimulate the HPA axis, rats were rapidly decapitated without anesthesia and trunk blood was collected immediately in BD Vacutainer EDTA collection tubes (BD, Franklin Lakes, NJ).
Blood was spun down at 1,800 rcf and the plasma fraction was collected. Plasma corticosterone was assayed using 10 μL of plasma with the ImmuChem 125 I Corticosterone RIA Kit with an intra-assay variability of 5.55%, an inter-assay variability of 6.97% and a sensitivity of 1 ng/mL (MP Biomedicals, Solon, OH). Plasma testosterone was assayed using 50 μL of plasma with the DSL-4100 RIA Kit with an intra-assay variability of 6.31%, an inter-assay variability of 6.93% and a sensitivity of 0.05 ng/mL (Diagnostic Systems Laboratories, Webster, TX). Plasma estradiol was assayed using 50 μL of plasma with the ImmuChem 125 I 17β-Estradiol RIA Kit with an intra-assay variability of 4.02%and a sensitivity of 10 pg/mL (MP Biomedicals, Solon, OH). All estradiol samples were run in one assay, therefore no inter-assay variability was calculated. Samples were run in duplicate for all endocrine assays. Reproductive tissues were collected and wet weights were assessed as an index of the degree of sexual maturity. Body mass was recorded throughout the study.
Statistical Analyses
SPSS was used to conduct statistical analyses. Two-way ANOVA was used for most statistical comparisons (age × stress). A Bonferroni post-hoc test was used to assess individual group differences. In the case of a comparison between only two groups, a Student's t test was used. The alpha value was set to 0.05. Testicular and uterine masses were normalized to account for body mass discrepancies.
Results
Identification of Control Group
Housing condition did not impact adolescent weight gain, reproductive tissue mass, plasma testosterone (males), plasma estradiol (females), the corticosterone response to restraint, sucrose consumption, behavior in the forced swim test, or acoustic startle (p > 0.05, data not shown for this section). Housing condition during adolescence also did not alter total arm entries, percent of time in the open arms, or number of rears in the elevated plus maze for female adolescent rats (p > 0.05). However, single housing of male adolescent rats decreased the percent of time spent in the open arms of the elevated plus maze as compared to pair housed controls (U= 69, p < 0.05). Other metrics in the elevated plus maze were not altered by individual housing of male rats (p > 0.05). Single housing during adolescence did not alter body mass, reproductive tissue mass, testosterone (males), estradiol (females), the corticosterone response to restraint, or sucrose consumption for either adult male or female rats compared to those housed in pairs during adolescence (p > 0.05, data not shown for this section). Adult male rats that were housed individually during adolescence had an increased latency to float and spent more time struggling than did adult male rats that were pair housed during adolescence (p < 0.05), but there was no difference between the groups in the number of dives during the forced swim test (p > 0.05). Behavior of adult female rats in the forced swim test was unaltered by exposure to individual housing during adolescence as compared to adult female rats that were pair housed during adolescence (latency to float, time struggling, number of dives: p > 0.05). Housing condition during adolescence did not alter total arm entries or number of rears in the elevated plus maze for adult male rats (p > 0.05), but consistent with data from the adolescent endpoint, individual housing during adolescence resulted in reduced time in the open arms compared to rats housed in pair during adolescence (p < 0.05). Adult behavior of female rats in the elevated plus maze was not altered by adolescent housing condition (p > 0.05).
Body Mass
Adolescent males exposed to stress gained less body mass than control adolescent males (F (1,60) = 10.5; p < 0.05; Figure 1A ), but all male rats gained body mass during adolescence (F (3,60) = 553; p < 0.05). Halfway through the chronic mixed-modality stress model, males exposed to adolescent stress weighed less than control males (t (15) = p < 0.05; Figure 1A ). However, this effect was transient and the groups did not differ following behavioral testing at the terminal collection point. Although adolescent stress transiently reduced body mass in adolescence, the effect was reversed in adulthood such that adult male rats with a history of adolescent stress weighed more than controls (t (11) = 2.3; p < 0.05; Figure 1B ).
Regardless of stress exposure, all female rats gained body mass during adolescence (F (3,72) = 526.4; p < 0.05). Adolescent female rats exposed to stress weighed more than control females on the sixth day of stress exposure (F (1,72) = 5.5; p < 0.05; Figure 1C ), but body mass normalized by the time of adolescent tissue collection. For female rats, weight in adulthood was not affected by exposure to chronic adolescent stress (t (11) = 0.47; p > 0.05; Figure 1D ).
Reproductive Tissues and Sex Steroids
Chronic adolescent stress caused increased testicular mass at the end of adolescence but not in adulthood (t (15) = 4.2; p < 0.05; Table 1 ). Plasma testosterone concentrations were unchanged by exposure to chronic adolescent stress when measured either during adolescence or adulthood (F (1,22) = 1.1; p > 0.05). Plasma testosterone did not differ between adolescent and adult rats (F (1,22) = 0.32; p > 0.05).
For female rats, uterine mass was not altered by stress compared to control females in either adolescence or adulthood (F (1,28) = 1.8; p > 0.05; Table 1 ). Adult females had an increased uterine mass compared to adolescent females (F (1,28) = 5.5; p < 0.05). Plasma estradiol did not differ due to stress (F (1,21) = 0.07; p > 0.05) or age (F (1,21) = 0.44; p < 0.05).
Corticosterone
Plasma corticosterone concentrations following acute stress challenge were higher in adult male rats than adolescent males rats (F (1, 26) = 5.41; p < 0.05). Exposure to chronic adolescent stress did not alter the plasma corticosterone response to an acute stress challenge in either adolescent or adult male rats (Figure 2A ; F (1, 26) = 0.31; p > 0.05).
Age significantly affected plasma corticosterone, as adolescent females displayed lower plasma corticosterone compared to adult females (F (1, 25) = 23.56; p < 0.05). Females exposed to chronic adolescent stress displayed a blunted increase in plasma corticosterone compared to control females ( Figure 2B ; F (1, 26) = 25.53; p < 0.05). Blunted plasma corticosterone due to a history of chronic adolescent stress was observed in adolescence (t (16) = 4.16; p < 0.05) and in adulthood (t (9) = 3.14; p < 0.05).
Sucrose Consumption
Adult male rats consumed more sucrose solution than adolescent male rats ( Figure 3A ; F (1, 28) = 26.1; p < 0.05) and the same effect was observed in female rats ( Figure 3C ; F (1, 24) = 29.44; p < 0.05). Chronic adolescent stress resulted in a reduced consumption of sucrose as compared to age-matched controls for female ( Figure 3C ; F (1, 24) = 7.69; p < 0.05) but not male ( Figure 3A ; F (1, 28) = 0.6; p > 0.05) rats. This effect was most apparent in adulthood ( Figure 3C ; t (10) = 2.91; p < 0.05). Water consumption during the sucrose consumption test was unchanged in males ( Figure 3B ; p > 0.05). Adult females consumed more water than adolescent females ( Figure 3D ; F (1, 24) = 7.75; p < 0.05), but chronic adolescent stress had no effect on water consumption in females ( Figure 3D ; F (1, 24) -1.03; p > 0.05).
Acoustic Startle Response
Acoustic startle response was unaffected by chronic adolescent stress for both adolescent male and female rats as compared to same sex control groups. There were no differences in acoustic startle response or habituation to repeated startles (p > 0.05, data not shown). Similarly, acoustic startle response in adulthood was unaffected by a history of chronic adolescent stress for male or female rats compared to same sex control groups. There were no differences in acoustic startle response or habituation to repeated startles (p > 0.05, data not shown).
Elevated Plus Maze
Adult male rats exhibited fewer total arm entries in the elevated plus maze compared to adolescent male rats ( Figure 4A ; F (1, 28) = 5.70; p < 0.05). Adult males spent more time exploring the open arm compared to adolescent males ( Figure 4B; F (1, 20) = 49.77; p < 0.05). The number of rears was also reduced in adult males compared to adolescent males ( Figure  4C ; F (1, 20) = 5.91; p < 0.05). While age changed the behavior of males in the elevated plus maze, adolescent stress did not; males displayed no behavioral changes in the elevated plus maze due to stress in adolescence or adulthood, (total arm entries (F (1, 28) = 0.581; p > 0.05); exploration of the open arm (F (1, 20) = 0.77; p > 0.05); number of rears (F (1, 20) = 0.001; p > 0.05)).
In females, chronic adolescent stress increased total locomotor activity as assessed by total arm entries compared to controls at both adolescent and adult testing points ( Figure 4A ; F (1, 28) = 5.00; p < 0.05); chronic adolescent stress did not affect exploration of the open arm at either time point ( Figure 4B ; F (1, 28) = 2.65; p > 0.05). Rearing behavior was increased due to adolescent stress compared to female controls ( Figure 4C ; F (1, 28) = 8.23; p < 0.05) and this effect was significant in adolescence (t (15) = 2.83; p < 0.05). In contrast to males, adolescent and adult females displayed similar behaviors in the elevated plus maze; total arm entries (F (1, 28) = 0.38; p > 0.05), time in the open arm (F (1, 28) = 3.08; p > 0.05), and the number of rears ( Figure 4C ; F (1, 28) = 0.31; p > 0.05) did not differ between adolescent and adult rats.
Forced Swim Test
Neither exposure to chronic adolescent stress nor age altered latency to float ( Figure 5A ; p > 0.05), total time spent struggling ( Figure 5B ; p > 0.05), or the number of dives ( Figure 5C ; p > 0.05) among male groups. However, there was an interaction between stress and age to increase the number of dives ( Figure 5C ; F (1, 32) = 4.45; p < 0.05).
In females, chronic adolescent stress decreased the latency to float ( Figure 5D ; F (1, 25) = 5.90; p < 0.05) and decreased the time spent struggling compared to controls regardless of age ( Figure 5E ; F (1, 26) = 16.11; p < 0.05). Chronic adolescent stress also increased the number of dives in females compared to controls ( Figure 5F ; F (1, 31) = 7.04; p < 0.05). Age alone did not have an effect in females for any of the forced swim test endpoints (p > 0.05).
Discussion
These data demonstrate that chronic mixed-modality stress during adolescence produces persistent behavioral changes in female rats. Chronic mixed-modality stress caused decreased sucrose consumption in female adolescent rats and this behavioral state persisted into adulthood (Figure 3 ). Furthermore, female rats exposed to chronic adolescent stress demonstrated reduced struggling in the forced swim test both during adolescence and months later in adulthood ( Figure 5 ). In addition to generating behavioral changes that have been classified as depressive-like behaviors, the chronic adolescent stress paradigm used in this study (isolation, restraint, and social defeat) produced anxiety-like behavior and HPA axis alterations (Figures 2 and 4) . Collectively, these data indicate that female adolescent rats are more adversely affected by chronic adolescent stress than are male rats and the adverse behavioral effects persist into adulthood for female rats.
Behavioral Effects of Adolescent Stress are Sustained and Sexually Dimorphic
The rapid development of the HPA axis and other brain regions during adolescence has been reported to play a neurobiological role in behavioral alterations associated with this sensitive period of development. Although effects of chronic adolescent stress on anxiety-like behavior, cognitive behavior, and drug seeking behavior have been previously reported, this study demonstrates a sustained increase in depressive-like behaviors following chronic adolescent stress in female but not male rats. Previous studies have reported that chronic social housing stress at an earlier age (PND 30-45) tended to alter behavior in the forced swim test for adolescent female rats and altered corticosterone levels in an age and sexspecific manner. In the current study, female rats demonstrated decreased sucrose consumption immediately following chronic adolescent stress and this effect was sustained into adulthood. In addition, the chronic adolescent stress used in the current study caused an increase in passive coping behaviors of adolescent and adult female rats during the forced swim test. Although numeric differences in both the sucrose consumption test ( Figure 3A ) and forced swim test ( Figure 5A ) were apparent at the adolescent time point for chronically stressed male rats, these differences were not significant at this time point and not apparent at the adult time point, demonstrating that the impact of the mixed-modality adolescent stressor was more prominent in female rats. Instead of a strong behavioral phenotype, male rats stressed in adolescence manifested impaired weight gain in adolescence that reversed in adulthood such that adult male rats weighed more than pair-reared controls (Figure 1A and  B) . Previous work has demonstrated that prenatal stress exposure also results in increased weight gain in adults rats (Tamashiro and Moran, 2010) . Collectively, these results suggest that developmental stress may cause long-term reprogramming of metabolism in male rats.
In addition to changes in depressive-like behaviors, exposure to chronic adolescent stress increased anxiety-like behavior at the end of adolescence. Female rats exposed to stress demonstrated increased locomotion in the elevated plus maze, whereas male rats exhibited differences due to age but not due to adolescent stress. A previous study in mice did not report an age-dependent increase in locomotor activity, suggesting that increased locomotor activity in adult males may be a species-specific event. Incongruent with our findings, other studies using social stressors during adolescence have found that female rodents have lower anxiety-like behavior in adolescence and both sexes have higher anxiety-like behavior in adulthood. These studies did not use the same timing or mixed stress (isolation, restraint, and social defeat) paradigm as in the current study and either of these variables could significantly impact the behavioral effects. Additional studies are necessary to isolate the key variables for this divergence in the effects of adolescent stress on behavior (Oldehinkel and Bouma, 2010 ), but the current data set indicates that chronic adolescent stress increases anxiety-like behavior in female rats at the end of adolescence.
Combined Stressors Provide More Robust Effects than Isolation Housing
Isolation is a potent stressor for adolescent rats; however, individually housed rodents are commonly used as the control condition for chronic stress studies because of the potential for group housing to buffer the effects of chronic stress. Isolation housing, in comparison to pair housing, altered behavior in the elevated plus maze and forced swim test in our study suggesting that isolation housing alone had the potential to induce anxiety-like and depressive-like behavior. This difference was most noticeable in males and may illustrate an important sex difference in the social buffering of behavioral responses that others have also observed. The control groups in the current study consisted of pair housed littermates and the condition of isolation housing during adolescence was considered a part of the mixed-modality chronic stressor. Although isolation alone has the potential to disrupt behavior, it does not appear that isolation alone is responsible for the persistent depressive-like behaviors documented in the female rats exposed to chronic adolescent stress because isolation alone did not reproduce these effects. The possibility that the isolation housing potentiated the effects of the chronic adolescent stress in the female rats remains and it is well documented that social buffering can prevent or reverse the effects of chronic stress. The precise experiment to determine if the adverse effects of chronic adolescent stress can be mitigated by pair housing extends beyond the scope of the current study but is an important question for future work aimed to address potential environmental interventions to prevent or reduce the effects of chronic adolescent stress.
Social defeat has been used by other groups to induce sexually dimorphic differences in behavior. The purpose of our study was not to examine the effect of a social stressor but rather to use a potent mixed-modality stress paradigm consisting of isolation, restraint, and social defeat to study the effect of stress itself during an important developmental window. Indeed, any one of these stressors may cause a sex-specific effect but the purpose of our study was to determine if chronic adolescent stress altered behavioral endpoints in a sexspecific manner. Sexually dimorphic differences due to adolescent stressors may be due to gonadal hormones which led us to examine these endpoints as possible mediators of behavioral effects.
HPA and HPG Axes as Possible Mediators of Behavioral Effects
Disrupted HPA axis regulation can lead to anxiety-like and depressive-like behavior, and could explain the female susceptibility to stress effects in our behavioral studies. In the postnatal period, male and female rat adrenal development progress at similar rates. However, beginning in adolescence, adrenal growth and secretion of corticosterone begin to increase and rapidly fluctuate in a sexually dimorphic manner providing a potential physiological sex difference to account for the sexually dimorphic behavioral effects of chronic adolescent stress. During adolescence, chronically stressed female rats in the current study had blunted plasma corticosterone in response to stress which persisted into adulthood and was not present in male littermates (Figure 2) . This may indicate a dysfunction of the HPA axis in the female adolescent rats exposed to chronic adolescent stress; however, given that the stressor was restraint, this difference could represent a habituation of the stress response to restraint. Similar to our findings, other studies investigating social stressors report persistent sex-specific effects on the HPA axis; however, in those studies adolescent females displayed an exaggerated HPA response to a heterotypic stressor. The homotypic nature of the stressor involved in the current study could explain this divergence. While the blunted corticosterone response observed may be the result of habituation, this is a profound sex difference in the current study and indicates a sex-specific effect of chronic adolescent stress on the HPA axis.
Gonadarche is initiated by the HPG axis which is controlled by neurotransmitters, neuropeptides, and CRF. Additionally, it has been proposed that there is significant interplay between the HPA and HPG axes, and while stress may increase HPA axis activity, there is a corresponding decrease in HPG activity and heightened gonadal atrophy (Selye, 1946) . In numerous studies, stress and CRF have been shown to suppress HPG axis activity. Female Wistar rats, the strain used in our study, are particularly sensitive to the effects of stress on HPG regulation. Despite these earlier accounts, in the current study only minor effects on the HPG axis of male and female rats were noted and there were no differences in the estrous cycle due to stress. We tracked the estrous cycle using daily vaginal lavage through the behavioral testing of adult female rats and there were no differences among the groups. While stress affected testicular mass, this effect may have been due to the social nature of the stress employed (Apter and Eriksson, 2006) and may not reflect effects of chronic adolescent stress in general. Although some effects of adolescent stress were documented in the current study, of the HPG metrics assessed, the differences were not profound or prolonged.
Conclusion
In conclusion, the current study demonstrates that female rats exposed to chronic adolescent stress exhibit decreased sucrose consumption, increased passive coping in the forced swim test, increased locomotion in the elevated plus maze, and a blunted corticosterone response to acute stress. These effects were persistent as adult females displayed a similar behavioral phenotype. Male littermates exposed to chronic adolescent stress did not manifest significant changes in behavior as adolescents or adults. Our findings support the proposition that adolescence is a sensitive period of development for females and stress during this period may have persistent effects into adulthood. Our study is congruent with human studies which indicate that women have a significantly higher risk of developing major depression compared to men. Studies investigating the sexually dimorphic effects of chronic adolescent stress may lead to a better understanding of the sexually dimorphic mechanisms of depressive and anxiety disorders in humans and ultimately improve prevention and treatment strategies. Animals exposed to stress during adolescence displayed abnormal weight gain. Males and females pair housed (Control) or exposed to the chronic mixed-modality stress model (Stress) were compared to determine changes in weight gain due to chronic adolescent stress. (A) Males exposed to stress during adolescence gained less body mass than controls. (B) At the adult terminal collection point, adult males exposed to stress weighed more than age-matched controls (* p < 0.05 Student's t test). (C) Females exposed to stress during adolescence gained more weight than controls. (D) Adult females exposed to chronic adolescent stress had no changes in weight gain compared to age-matched controls. * p < 0.05 main effect due to stress, # p < 0.05 main effect due to age 2-way ANOVA. Data are presented as mean ± SEM, N = 5-9. Rats were exposed to an acute stress challenge (30 minute restraint session) followed by rapid decapitation and plasma collection to determine the concentration of corticosterone. (A) Male rats exposed to the acute stress challenge showed plasma corticosterone concentrations indicative of a stress response, but no difference was observed between treatment groups (Control = pair housed controls; Stress = isolation, social defeat, and restraint). (B) In females, the acute stress challenge elicited a blunted corticosterone increase in rats that were previously exposed to chronic adolescent stress compared to the acute stress-induced corticosterone increase for controls. * p < 0.05 main effect due to stress, # p < 0.05 main effect due to age 2-way ANOVA. Data are presented as mean ± SEM, N = 5-11. The effects of chronic adolescent stress on sucrose consumption were determined using a 48 hour sucrose consumption test. Rats were given free access to identical bottles which contained either tap water or 0.8% sucrose in tap water. Consumption of each liquid was measured at 24 hours and 48 hours and the values averaged for each rat. Male rats exposed to chronic adolescent stress consumed similar amounts of sucrose (A) and water (B) compared to male controls. Female rats exposed to chronic adolescent stress consumed less sucrose than control rats during adolescence and adulthood (C). Water consumption in females exposed to chronic adolescent stress was unaltered compared to female controls (D). * p < 0.05 main effect due to stress, # p < 0.05 main effect due to age 2-way ANOVA. Data are presented as mean ± SEM, N = 5-11. Stress altered behavior in the elevated plus maze for females. Total arm entries (A) percent time in the open arm (B) and number of rears (C) were not altered by stress in male adolescent rats compared to same sex controls (p > 0.05). Female rats exposed to stress engaged in more total arm entries (D). Percent of time in the open arm was unaffected by chronic adolescent stress in females (E). Females exposed to chronic adolescent stress demonstrated increased rearing behavior (F) compared to same sex controls. * p < 0.05 main effect due to stress, # p < 0.05 main effect due to age 2-way ANOVA. Data are presented as mean ± SEM, N = 5-12. The effects of chronic adolescent stress on behavior in the forced swim test were assessed and compared to control littermates. In adolescent and adult males, chronic adolescent stress did not alter the latency to float (A), time spent struggling (B), or diving behavior (C) compared to the control group. Females in the stress group exhibited a decreased latency to float (D) and decreased time spent struggling (E) compared to control females. Exposure to stress resulted in increased diving behavior compared to control females (F). These effects in females were observed regardless of age and the behavioral effects were sustained into adulthood for females. * p < 0.05 main effect due to stress, # p < 0.05 main effect due to age 2-way ANOVA. Data are presented as mean ± SEM, N = 5-12. Table 1 Tissue weights and gonadal hormones. Reproductive tissues were removed post decapitation and wet weights were measured. Trunk blood was used to determine plasma values of gonadal hormones. Horm Behav. Author manuscript; available in PMC 2012 June 1.
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